To determine the role of von Willebrand factor (vWF) in adhesion of sickle (SS) erythrocytes in microvascular flow conditions, we have perfused the ex vivo mesocecum vasculature of the rat with desmopressin, an analogue of vasopressin that causes the release of endothelial vWF. Analysis of vWF in the venous effluent of the isolated vasculature showed mainly the presence of extra-large molecular weight forms characteristic of endothelial vWF, which in the presence of desmopressin showed an average increase of 54%. Also, desmopressin induced a significant increase in adhesion of washed oxygenated (oxy) unseparated SS erythrocytes, accompanied by a persistent microvascular obstruction and a pronounced increase in the peripheral resistance (PRU). In contrast, infusion of SS deformable discocytes (SS2) in desmopressin-perfused vasculature resulted in a significant adhesion but not in persistent vasoocclusion, showing that SS2 discocytes alone are not sufficient for microvascular obstruction. Furthermore, SS4 erythrocytes (dense discocytes and irreversibly sickled erythrocytes) caused a persistent micro-ICKLE (SS) cell anemia is characterized by recurring ep-S isodes of painful vasoocclusive crisis, and adhesion of SS erythrocytes to the vascular endothelium may play a potential role in the initiation of SS cell vasoocclusion. The increased adhesion of SS erythrocytes to endothelial cells, using culture systems, was first described by Hebbel et all.* and later confirmed by Using the ex vivo mesocecum preparation of the rat, our previous st~dies'.'~ have provided the microcirculatory evidence that SS erythrocytes adhere exclusively to the venular endothelium under conditions of flow. These studies showed that more deformable SS discocytes adhere preferentially in postcapillary venules, resulting in a reduced effective luminal diameter, and followed by selective trapping of rigid dense SS erythrocytes in the areas of adhesion, which could result in microvascular obstruction. Furthermore, adhesion was observed in plasmafree conditions, which suggested a direct involvement of factors associated with SS erythrocytes and the endothelium.
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To determine the role of von Willebrand factor (vWF) in adhesion of sickle (SS) erythrocytes in microvascular flow conditions, we have perfused the ex vivo mesocecum vasculature of the rat with desmopressin, an analogue of vasopressin that causes the release of endothelial vWF. Analysis of vWF in the venous effluent of the isolated vasculature showed mainly the presence of extra-large molecular weight forms characteristic of endothelial vWF, which in the presence of desmopressin showed an average increase of 54%. Also, desmopressin induced a significant increase in adhesion of washed oxygenated (oxy) unseparated SS erythrocytes, accompanied by a persistent microvascular obstruction and a pronounced increase in the peripheral resistance (PRU). In contrast, infusion of SS deformable discocytes (SS2) in desmopressin-perfused vasculature resulted in a significant adhesion but not in persistent vasoocclusion, showing that SS2 discocytes alone are not sufficient for microvascular obstruction. Furthermore, SS4 erythrocytes (dense discocytes and irreversibly sickled erythrocytes) caused a persistent micro-ICKLE (SS) cell anemia is characterized by recurring ep-S isodes of painful vasoocclusive crisis, and adhesion of SS erythrocytes to the vascular endothelium may play a potential role in the initiation of SS cell vasoocclusion. The increased adhesion of SS erythrocytes to endothelial cells, using culture systems, was first described by Hebbel et all.* and later confirmed by Using the ex vivo mesocecum preparation of the rat, our previous st~dies'.'~ have provided the microcirculatory evidence that SS erythrocytes adhere exclusively to the venular endothelium under conditions of flow. These studies showed that more deformable SS discocytes adhere preferentially in postcapillary venules, resulting in a reduced effective luminal diameter, and followed by selective trapping of rigid dense SS erythrocytes in the areas of adhesion, which could result in microvascular obstruction. Furthermore, adhesion was observed in plasmafree conditions, which suggested a direct involvement of factors associated with SS erythrocytes and the endothelium.
Mohandas and Evans4 showed an absolute requirement for divalent cations (ie, Ca2+) for the sickle erythrocyte-endothelial interaction, and suggested involvement of collagenbinding proteins. Studies by Wick et all' have shown that, in the presence of endothelial supernatant containing extralarge molecular weight forms of von Willebrand factor (vWF, a collagen-binding protein), SS erythrocyte adhesion to endothelial cells in vitro is significantly enhanced. The vascular endothelium has been shown to release endothelial vWF molecules in response to injury and certain in vivo stimuli such as vasopressin, histamine, fibrin, and thrombin.'*-I4 Elevated levels of plasma vWF have been described in SS patient^''.'^ that could be secondary to a constant insult to the endothelial lining, probably inflicted by circulating rigid dense SS erythrocytes. In fact, electron microscopic studies have shown endothelial damage in SS patients." In addition, thrombin and histamine may result in an increased release of endothelial vWF following episodes of vascular injury, inflammation, and infection. vascular blockage and a significantly higher PRU than SS2 discocytes. However, the increase in PRU for SS4 erythrocytes following desmopressin treatment was 50% less compared with a corresponding increase for SS2 discocytes over the control values, which showed a smaller effect of desmopressin on the hemodynamic behavior of SS4 dense erythrocytes. Incubation of desmopressin-treated vasculature with anti-vWF antibodies resulted in a pronounced decrease in adhesion and significantly improved hemodynamic behavior of SS cells. Also, in untreated vasculature, similarly incubated with anti-vWF antibodies, there was almost complete inhibition of adhesion. Under the described perfusion conditions, antibodies to fibronectin and thrombospondin, as well as incubation of SS erythrocytes with anti-vWF antibodies did not affect adhesion. These results are compatible with a model for SS vasoocclusion in which extra-large vWF-mediated adhesion of deformable SS erythrocytes is the first step followed by an accelerated entrapment of dense SS erythrocytes. The role of vWF in SS erythrocyte adhesion and pathophysiology of vasoocclusion, as well as the characteristics of vWF released have not been explored in a living microvascular bed under flow conditions. To investigate these aspects, we have used desmopressin (1, desamino 8, D-arginine vasopressin or dDAVP), an analogue of vasopressin" to augment the release of endothelial vWF in the ex vivo mesocecum microvasculature of the rat at defined perfusion conditions. Our previous studies have shown that infusion of desmopressin in rats results in the appearance of extralarge vWF in the plasma and causes adhesion of normal (AA) erythrocytes in the ex vivo mesocecum vasculature,'' although direct evidence for the characteristics of vWF released in the vasculature was not obtained. The present studies resolve this issue and also address the role of SS erythrocyte density and morphological heterogeneity during endothelial vWF stimulation, and determine the efficacy of an anti-vWF antibody (and its probable site of action) in preventing the determined after the bolus infusion of the samples. Tpf is defined as the time (seconds) required for Pa and Fv to return to their baseline levels after sample delivery and provides an estimate of total transit time through the mesocecum vasculature.
Direct intravital microscopic observations and simultaneous video recording of the microcirculatory events were carried out with an Olympus microscope (model BH-2; Olympus Corp, Lake Success, NY) equipped with a television camera (Cohu, 5000 Series; Cohu, San Diego, CA) and a Panasonic video recorder (model 9300A; Panasonic Co, Secaucus, NJ). The number of adherent SS cells per 100 pm2 was calculated from the counts of individual adherent cells and the surface area (pm?) of the inner wall of the vessel segment as described previo~sly.~ The counts of adherent SS cells were made according to topological order of venules, ie, from postcapillary to large diameter venules in a given venular network. When microscopic examination of a given vascular bed showed similar pattern of adhesion in various networks, SS cells were counted in at least one discrete venular network. However, in preparations where there was an apparent variation in the distribution of adhered cells among networks, counting was done in additional venules following the same topological scheme to ascertain the overall extent of adhesion. The number of venules where counts were made varied from 6 to 20 in individual preparations. The number of 100-pm2 areas counted varied from 50 to about 600 per venule depending on its length and diameter, and the values were averaged for each venule. Because of topological variations, no two venular networks are alike in branching pattern, vessel bending, and vessel length. Therefore, adhesion data for each experimental group were pooled for statistical comparisons.
In control experiments with AA or SS (unseparated or fractionated) cells, after a period of baseline perfusion (Pa, 70 mm Hg) with Ringer's solution containing 2% bovine serum albumin, a bolus of red cells (volume = 0.2 mL, Hct = 30%) was infused via an injection port into the arterial cannula. In desmopressin experiments, the perfusion solution was switched to Ringer's-albumin containing 1 . O &L desmopressin (dDAVP injection; Ferring Pharamaceutical, Malmo, Sweden). Perfusion was continued for 5 minutes until a steady state was established and then a 0.2 mL bolus of unseparated or fractionated SS red cells was infused during perfusion with desmopressin in Ringer's-albumin solution. In selected experiments. the preparations were perfused with Ringer-albumin (control) or Ringer-albumin containing I pg/L desmopressin for a 15-minute period. The venous effluents were collected and the preparation in each case was reperfused three times with the effluent in an identical fashion. The venous effluent was then centrifuged to remove cells and the supematants were stored at -70°C for analysis of vWF.
v WF ilnaly.ris
The analysis vWF in rat plasma (citrated) and the venous effluents was performed using sodium dodecyl sulfate (SDS) agarose gel electrophoresis as previously described.26 The vWF in the gel was visualized by using indirect radiolabeled antibody probing and autoradiography. Briefly, the gel was fixed in isopropanol/methanol (25%/ 10%) solution, washed in distilled water, and then incubated in a Tris saline buffer (25 mmol/L Tris CI, 150 mmol/L NaCI, 2 gm/L bovine serum albumin. pH 7.5) containing a rabbit antibody against human vWF (Dako Cow. Santa Barbara. CA: dilution, 1:500). After being washed in the Tris buffer, the gel was then probed with an labeled goat antibody against rabbit IgG (Sigma Chemical, St Louis, MO). The amount of specific radioactivity associated with the vWF in venous effluents was determined by counting the piece of gel containing the vWF in a y-counter, minus the background radioactivity of a similarly sized piece of gel without vWF.
Perjiision Experiments With Anti-v WF Antibody
Monospecific rabbit antibody (immunoglobulin G [IgG] fraction) against human vWF. and normal IgG were obtained from the Dako Corp. The specificity of the antibody for vWF has been examined before.'' Furthermore, as described in the present study, using SDSagarose gel electrophoresis, a series of multimers in rat plasma and a high molecular weight band in the perfusion effluents were visualized by this antibody (see Fig 3) . Both of them were blocked when the antibody was first incubated with purified human vWF. No other proteins in either the rat plasma or the venous effluent reacted with this antibody. To further test its specificity. rat plasma, Ringer-albumin solution, or the venous effluent were separated by SDS-6% polyacrylamide gel electrophoresis (PAGE) under reducing conditions and transferred onto nitrocellulose membranes as previously de-
The blots were probed with either rabbit nonimmune IgG (as a negative control) or with the rabbit IgG antibody against vWF, followed by '"I-labeled goat antirabbit IgG. Autoradiography showed that the antibody recognized a band of 225 Kd in both the rat plasma and venous effluents, which was blocked with purified human vWF. No other protein bands on the blots reacted with the antibody. Antibodies to human fibronectin and thrombospondin (TSP) were used as additional controls. We have previously used the Abbreviations: RBC, red blood cells; APRU (%), PRU experimental/PRU of the preparation in Ringer's X 100; Tpf. pressure-flow recovery time to the baseline level; IR, incomplete recovery.
These perfusion experiments were performed with unseparated SS erythrocytes from 7 patients, identified by their initials. In perfusion experiment 2, the vasculature was infused with dDAVP (1 .O pg/L in Ringer-albumin) for 5 minutes, which was followed by a bolus infusion of washed oxy SS erythrocytes (Hct 30). In perfusion experiments 3 and 4, the vasculature was first perfused with 20 mL of dDAVP solution (1 .O pg/L) in Ringer-albumin. After 5 minutes of incubation with dDAVP. the vasculature was infused with anti-vWF antibodies (200 pg/mL in Ringer-albumin, experiment 3) or with IgG (200 pg/mL in Ringer-albumin, experiment 4) and the perfusion experiment with SS cells was initiated 30 minutes later. In perfusion experiments 5 and 6, no dDAVP was used but the preparation was incubated either with anti-vWF antibodies (experiment 5) or with IgG (experiment 6) as in experiments 3 and 4. In perfusion experiment 7, the vasculature was perfused with dDAVP for 5 minutes as before and a bolus of SS ceNs (Hct 30) preincubated with anti-vWF antibodies (200 rg/mL, 1 hour incubation) was infused. * P < .01 compared with AA cells. t P < ,001 compared with SS controls. t P < .02 compared with dDAVPjSS.
P i ,00compared with dDVAP/a.vWF/SS (paired t-test)
Same preparation of anti-TSP antibodies (courtesy of Dr Russel Howard, DNAX, Palo Alto, CA) to block TSP-mediated adhesion of Plasmodium fulciparum-infected human red cells to the vascular endotheli~m?~ Rabbit anti-human fibronectin (Dako Cow) used in these studies binds to both human and rat fibronectin but not to vWF.'~ Rat mesocecum was isolated and the vasculature was infused with 25 mL of desmopressin (1.0 pg/L) in Ringer-albumin solution over a period of 5 minutes. After a 5-minute incubation at 25"C, the preparation was then infused with 5 mL of Ringer-albumin containing either 200 pglmL anti-vWF antibody or 200 pg/mL normal rabbit IgG, and incubated at 25°C for 30 minutes with the venous outflow cannula clamped. In two separate experiments, the desmopressintreated vasculature was similarly incubated with rabbit anti-human fibronectin or with rabbit anti-human TSP, each at a concentration of 200 pg/mL in 5 mL of Ringer-albumin. Perfusion with Ringeralbumin solution was initiated at 70 mm Hg and a bolus (0.2 mL) was delivered via the arterial injection port. The perfusion pressure, venous outflow rate, and microvascular events of erythrocytes were recorded as described. In separate experiments, the preparations were similarly incubated with anti-vWF antibody or IgG but without involving pretreatment with desmopressin. In another series of experiments, SS cell suspensions were incubated with anti-vWF antibody (200 pg/mL) at 25°C for 1 hour. A bolus of the antibody-treated suspension (Hct 30%) was infused in the preparation during perfusion with desmopressin as described before.
Statistical Analysis
Paired t-test or unpaired Student's t-test was applied to analyse PRU data as indicated in tables and results. For regression line analysis of the number of adhered cells/100 pm2 (Y) versus the venular diameter (X), logarithmic transformation of both variables was performed. For comparisons of intercepts and slopes of the regression lines between experimental groups, multiple linear regression analysis" of the data was carried out as indicated in results. For the groups compared, homogeneity of variance for Y values in relation to X was confirmed using Bartlett's test. In the experimental group, a.vWF/SS, where many venules showed a complete absence of adhered cells, resulting in a wide scatter of Y values and a poor correlation between X and Y, adhesion was compared with the control IgG group using the Wilcoxon rank sum test. This test was also applied to compare number of adhered cells/100 pm2 among group pairs, because logarithmic or square root transformation did not normalize the distribution in most groups, and the data are presented as the median and range. The various statistical tests or tests for hypotheses were performed using a Type I error of 0.05 and were two-tailed. The statistical analysis was performed using Statgraphics 4.0 program and an IBM-AT computer. Table 1 represents hemodynamic data from perfusion experiments performed with blood samples from seven SS patients. In control Ringeralbumin perfused preparations, a bolus infusion of unseparated SS erythrocytes (n = 7) caused more than 1.8-fold increase in P R U (APRU%) compared with AA cells ( P > .01, paired t-test). In addition, SS cells resulted in a delayed (n = 5 ) or incomplete (n = 2) recovery of the pressure and flow (Table I) . Perfusion with Ringer-albumin containing desmopressin ( 1 .O pg/L) caused a slight increase in percentage of PRU ( 1 8.1% i 10.6%, mean k SD) over the baseline, most likely resulting from a mild vasoconstricting effect of desmopressin. In the presence of desmopressin, infusion of un-
RESULTS

Eflect of dDA VP
Unseparuted SS erythrocytes.
For personal use only. on October 30, 2017. by guest www.bloodjournal.org From separated oxy SS erythrocytes from the same SS individuals (n = 7) invariably resulted in a pronounced increase (-twofold to fourfold) in PRU over the respective control values in untreated preparations (P c .001. paired /-test) (Table I ).
This effect was always accompanied by an incomplete recovery of the pressure and flow. indicating a persistent microvascular blockage (Table l) .
Direct microscopic observations and videotaping showed that, in untreated control preparations. infusion of SS cells resulted in adhesion of these cells exclusively to the venular endothelium in an inverse correlation with the venular diameter whereas no adhesion of AA cells was evident. This is in accord with our previous observations." In desmopressinperfused preparations, the increase in PRU was accompanied by an extensive adhesion of SS cells exclusively in the venules: most small-diameter postcapillary venules appeared totally blocked (Fig I) . These blocked postcapillary venules may contain high concentrations of adherent as well as obstructive cells. In both untreated control and desmopressin-treated preparations. adhesion was quantitated in venules of 12 pm or larger in diameter for six SS patients (except for BW). The number of adherent ce11/100 pm' in individual venules were plotted according to the vessel diameter. Figure 2 shows regression curves of the untransformed data from the two experimental groups using the equation Y = Linear regression analysis following logarithmic transformation of both variables (Table 2 ) confirmed a strong inverse correlation between the number ofadhered celIs/100 pm'and the venular diameter in both control and desmopressin-treated groups (control SS: r = -3 1 . P < .001: dDAVP/SS: r = -.68, P c .OOI). Furthermore. a comparison of the two regression lines showed no differences in slopes but a significantly higher Yintercept (P < .Ol) for the desmopressin group (Table 2 ).
This suggests that desmopressin results in an increased adhesion of unseparated SS erythrocytes regardless of diameter size. In other words, in the presence of desmopressin. the ensuing blockage of postcapillary vessels by heterogenous unseparated SS erythrocytes would be accompanied by an overall sluggish flow and in a uniform increase in adhesion of these cells in venules of various diameters. The median (and range) ofadhered celIs/100 pm' for the untreated control and desmopressin-treated preparations were 0.16 (0.04 to 0.53) and 0.36 (0. IO to I. IO), respectively ( Table 3 ). The data also showed significant differences between the groups (P < For Table 2 .
.001, the Wilcoxon rank sum test) ( Table 3) . No adhesion was observed in arterioles.
In separate experiments, hemodynamic behavior of density-defined SS erythrocytes (SS2, discocytes; SS4, dense discocytes and ISC) was inves-
Density-defmed SS erythrocytes.
tigated in the presence of desmopressin (1 .O pg/L). In desmopressin-perfused preparations, infusion of SS2 discocytes caused a 2.8-fold increase in PRU compared with control SS2 erythrocytes (P < .OO I), but there was a complete recovery of the pressure and flow (Table 4) . Microscopic examination of the vascular bed showed no vessel obstruction. Adhesion was again restricted to venules showing the same pattern of inverse correlation with the venular diameter following regression analysis of the transformed data as noted for unseparated erythrocytes (SS2 control: r = -.80, P < .001; dDAVP/SS2: r = -.80, P < .001) ( Table 2 ). In addition, the regression lines for the two groups showed significant differences in slopes and intercepts (P < .01 and < .005, respectively) ( Table 2 ). The intersect point of the two lines with unequal slopes corresponded to 36.0 fim, the venular diameter (X) and 0.09, the number ofadhered cells/l00 pm2 ( Y ) . This suggested that the differences between the two groups decrease as the diameter approaches 36.0 pm and that desmopressin causes a significant increase in adhesion with a decrease in the diameter. However, despite increased adhesion of SS2 discocytes in small-diameter postcapillary venules, desmopressin did not result in blockage of these vessels. This is in contrast to adhesion of unseparated SS erythrocytes in desmopressin-treated preparations, where adhesion increased regardless of diameter differences and was accompanied by the widespread microvascular blockage. The median (and range) of adhered cells/100 pm2 in the two groups was as follows: SS2 control, 0.16 (0.09 to 0.46); dDAVP/SS2, 0.3 1 (0.13 to 0.92) ( Table 3 ). The data also showed significant increase in adhesion for dDAVP/SS2 group (P < .01, the Wilcoxon rank sum test) ( Table 3 ).
In the presence of desmopressin, oxy SS4 dense erythrocytes caused a 1.4-fold increase in PRU over SS4 control group (P > .05) ( Table 4) . Nevertheless, SS4 erythrocytes induced direct blockage in many capillaries, sometimes involving small diameter immediate postcapillary venules as well as vessel junctions, and resulted in significantly higher PRU than SS2 cells and an incomplete recovery of the pres- 0-0.14 0.05-0.827 * Experimental protocols of these experiments is described in Table 1 and Table 4 . t These experiments were performed with unseparated SS erythrocytes.
Statistical comparisons between group pairs were made using Wilcoxon rank sum test: $ P < .001 compared with SS control. 5 P < .01 compared with SS2 control.
11 P < ,001 compared with dDAVP/a.vWF/SS !I P < ,001 compared with a.vWF/SS. sure and flow in both untreated and desmopressin-perfused preparations (Table 4) . Apparently, the microcirculatory behavior of dense SS4 erythrocytes was mainly obstructive and only a few individually adhered cells could be observed.
In four preparations, perfusion with Ringer-albumin alone (control) or with Ringeralbumin containing desmopressin ( I .O pg/L) was performed for a period of 15 minutes and venous effluents were collected for the analysis of vWF. SDS-glyoxyl agarose gel electrophoresis of the venous effluents from both control and desmopressin-treated preparations showed mainly the presence of * P < ,001 compared with SS2 control.
Analysis of v WF in venous efluents.
P < .0compared with SS4 control (unpaired t-test).
extra-large molecular weight forms of vWF (Fig 3, D and E) . In the presence of desmopressin, there was an average of 54% increase in vWF (range 28% to 80%). On the other hand, the analysis of the plasma showed multimeric composition of vWF (Fig 3, A, B, C) .
Eflect of Anti-v WF Antibodies
Because desmopressin caused an increased adhesion of SS erythrocytes, as well as elevated levels of vWF in venous effluents, experiments were performed with unseparated erythrocytes from four SS individuals (Table 1) to investigate the effect of an anti-vWF antibody on adhesion in the presence or absence of desmopressin. In the isolated vasculature perfused with desmopressin and followed by incubation with anti-vWF antibodies (200 pg/mL), infusion of SS erythrocytes caused a significant decrease in PRU ( P < .005, paired t-test) compared with the control desmopressin-IgG group (IgG, 200 pg/mL) ( Table 1) . There was a complete recovery of the pressure and flow indicating no persistent microvascular blockage. On the other hand, incubation of desmopressintreated vasculature with IgG resulted in no significant difference in PRU or in the pressure-flow recovery compared with respective values in dDAVP/SS group ( Table 1) . Counts of adhered SS erythrocytes showed that in the presence of antivWF antibodies, there was a marked decrease in adhesion in venules of all diameters compared with the control IgG group (Fig 4) . Adhesion again showed a significant inverse correlation with the venular diameter as compared by linear regression analysis of the transformed data (dDAVP/a.vWF/ SS: r = -.54, P < .001; dDAVP/IgG/SS: r = -30, P < .001) ( Table 2) . Significant difference between slopes ( P < .OO I ) of the two regression lines (Table 2 ) indicated that differences in counts of adhered cells increased with an increase in venular diameter. However, as indicated by difference in Y-intercepts of the two lines ( P < .001) ( Table 2) , adhesion differences between the two groups were also significant in smaller diameter venules. In the presence of anti-vWF an- Table 3 ). Also. the data showed a significant decrease in adhesion for dDAVP/a.vWF/SS group ( P < .001, the Wilcoxon rank sum test) ( Table 3) . Incubation of the isolated vasculature with anti-vWF antibody or IgG (200 pglmL each) alone in the absence of desmopressin pretreatment resulted in no significant differences in PRU for SS cells compared with respective control values in untreated preparations (Table I ). However. direct microscopic observations and quantitation of adhesion performed for SS erythrocytes from two patients (BW. KW) showed that adhesion was either very sparse or completely inhibited in the presence of anti-vWF antibodies compared with control IgG group. This also indicates that PRU for unseparated SS cells in the absence of desmopressin is dominated by capillary resistance to these cells rather than by adhesion differences. In the two preparations treated with the antibody. an average of46'70 venules (range: 35% to 75'70) showed no adhered cells, and also no correlation was noted between adhesion and the venular diameter ( r = -.08. P = .69). The median (and range) of all adherent cells/l00 pm' was as follows: anti-vWF/SS, 0.0 I (0 to 0.14): IgG/SS, 0. I8 (0.05 to 0.82) ( Table 3 ). The differences between the two groups were highly significant (P < .001. the Wilcoxon rank sum test) ( Table 3 ).
In another set of experiments. where a bolus of SS erythrocytes preincubated with anti-vWF antibody was infused in desmopressin-treated vasculature. it resulted in no significant difference in PRU and the pressure-flow recovery compared with dDAVP/SS group (Table I) : this was accompanied by extensive adhesion of these cells in venules.
In two additional control experiments. incubation of desmopressin-treated vasculature with either antifibronectin (200 pglmL) or antithrombospondin (anti-TSP) antibody (200 pgl mL) did not cause any change in the extent of adhesion following the infusion of SS erythrocytes. suggesting no effect of these antibodies. The PRU values were closer to desmopressin-SS group (APRU%: antifibronectin, 50.3: anti-TSP. 76.9) ( Table 4 ). and also. in each case, there was an incomplete recovery of the pressure and the flow. 
DISCUSSION
The analysis of venous effluents presented here provides direct evidence of the release of extra-large molecular weight forms of vWF in both control (Ringer-albumin perfused) and desmopressin-perfused ex vivo mesocecum preparations. In the presence of desmopressin, there was a pronounced increase (28% to 80%) in vWF. In contrast to the plasma vWF, venous effluents showed almost a total lack of the smaller multimeric forms, suggesting that in vivo vWF may be released mainly as extra-large molecular weight forms and that plasma multimer pattern is generated later. The extra-large forms detected in the venous effluent are characteristic of the endothelial-derived vWF as described previously using cultured endothelial cells,26 and have been considered by Wick et all' as the participant in adhesion of SS erythrocytes to the endothelium.
Under flow conditions, in addition to the enhanced release of vWF, desmopressin treatment caused a significantly increased adhesion of SS erythrocytes (unseparated) exclusively to the venular endothelium. This was accompanied by frequent blockage of small diameter immediate postcapillary venules and a pronounced rise in the peripheral resistance. In both control and desmopressin-treated preparations, adhesion showed a strong inverse correlation with the venular diameter. Nevertheless, as is evident by comparison of the regression lines (Table 2) , desmopressin resulted in a uniform increase in adhesion in venules of all diameters. Both the venular specificity and inverse correlation of adhesion with the venular diameter appear to be determined by arteriovenous wall shear rates.'.'' Wall shear rates are highest in arterioles but show a steep decline in the immediate postcapillary venules before rising again in larger diameter venule^.^^^^' Thus, the immediate postcapillary venules, the site of lowest wall shear rates, are also the site of maximal adhesion and obstruction following desmopressin treatment. No adhesion was observed in the arterioles of either desmopressin-perfused or untreated preparations. Although immunocytochemical studies showed a strongly positive granular reaction for the presence of vWF confined to the endothelium of both arterioles and venules of this vasculature (data not shown), the possibility of molecular heterogeneity of vWF, as well as of ligands that bind vWF in the microvascular endothelium cannot be ruled out.
The experiments performed with density-defined SS erythrocytes in desmopressin-perfused microvasculature further define their relative contributions to adhesive and obstructive behavior of unseparated samples. Prek-ious studies have shown that during flow conditions adhesion of SS erythrocytes is density class-dependent, ie, light density erythrocytes are most adhesive while rigid dense SS erythrocytes are least adherent but contribute maximally to microvascular obstruction in areas of a d h e~i o n .~* '~*~~. '~ In the present study, desmopressin induced a significant increase in adhesion of light density SS2 erythrocytes (the predominant cellular component of SS blood) with a decrease in the venular diameter. However, in contrast to unseparated SS cells, the increased adhesion of SS2 discocytes was not accompanied by a persistent vessel blockage, which shows that SS2 discocytes alone are not sufficient for microvascular obstruction. This is reminiscent of desmopressin-induced adhesion of AA erythrocytes which caused no vessel blockage in the ex vivo mesocecum preparation." In desmopressin-treated rats, infusion of technetium (99mTc) labeled-SS2 discocytes via the femoral artery resulted in an increased retention of these cells in the thigh, presumably resulting from an increased adhesion, but not in i~c h e m i a .~~,~~ In contrast, in both untreated and desmopressin-perfused mesocecum preparations, infusion of dense SS4 erythrocytes resulted in a persistent microvascular blockage and a higher PRU than SS2 erythrocytes. However, the increase in percentage of PRU for SS4 erythrocytes following desmopressin treatment, although significant, was 50% less compared with a corresponding increase for SS2 erythrocytes, which shows the smaller effect of desmopressin on the hemodynamic behavior of dense erythrocytes. These findings suggest that desmopressin-induced increased release/ surface expression of endothelial vWF would promote microvascular obstruction by unseparated heterogenous SS erythrocytes by involving enhanced adhesion of more deformable light density erythrocytes, especially in small-diameter postcapillary venules (resulting in a further drop in wall shear rates), and an accelerated trapping of less adhesive but rigid dense SS erythrocytes in the areas of adhesion.
Incubation of desmopressin-treated preparations with antivWF antibodies (200 pg/mL) resulted in a significant decrease in PRU, no postcapillary blockage, and in a pronounced decrease in SS erythrocytes-endothelial interaction compared with control IgG group. As is evident by the regression plot of the actual data (Fig 4) and regression line analysis of the transformed variables ( Table 2) , although adhesion was significantly reduced in venules of various diameters, most venules still had adherent cells. On the other hand, incubation of untreated vasculature with anti-vWF antibodies largely abolished adhesion; adhesion was either very sparse or completely inhibited. These observations suggest that antibodies to vWF bind endothelial-surface vWF to inhibit SS cell-endothelial interaction and related obstruction. The observed difference in response to anti-vWF antibodies in the two categories of experiments (desmopressin treated v untreated preparations) might be attributable to a continuous increased release and surface expression of vWF in the presence of desmopressin, persisting even after the exposure of the vasculature to antibodies.
Because all experiments were performed with washed erythrocytes, plasma proteins may not be directly involved, except those incorporated and tightly bound to the erythrocyte receptors in vivo, present in the endothelial surface, or released by desmopressin. Incubation of SS erythrocytes with anti-vWF antibodies had no effect on PRU or the extent of adhesion in desmopressin-treated preparation, further suggesting that anti-vWF antibodies interact with vWF in the vascular endothelium. This also indicates no involvement of erythrocyte-bound vWF or its absence in washed erythrocyte samples. Also, under the plasma-free perfusion conditions used by us, the use of antibodies to other adhesive proteins (ie, fibronectin and thrombospondin) in desmopressin-treated preparations had no significant effect on adhesion of SS erythrocytes. These studies do not rule out the possible modFor personal use only. on October 30, 2017. by guest www.bloodjournal.org From ulating effects of plasma and platelet f a~t o r s~~.~' in SS cells adhesion. Anti-vWF antibodies (when administered so as to be able to react with vWF in the endothelium) significantly inhibit adhesion as well as postcapillary obstruction; therefore, (1) vWF, active in SS erythrocyte adhesion, is present in the endothelial surface and is enhanced by dDAVP; and ( 2 ) SS erythrocytes interact with the endothelial-bound vWF through unidentified specific or nonspecific receptors. Future work is needed to define the molecular characteristics of erythrocyte receptors as well as endothelial ligands that bind extra-large vWF.
We can conclude that vWF released in the ex vivo vasculature is composed mainly of extra-large molecular weight forms that are similar to endothelial-derived vWF in culture conditions. Desmopressin-induced increased release of extralarge vWF also results in a significant increase in adhesion of SS erythrocytes, which is restricted to the venular endothelium. In addition, the increased adhesion in desmopressinperfused preparations is accompanied by blockage of many immediate postcapillary venules, which reflects distinct contributions from heterogenous SS erythrocytes. The data presented here are compatible with a model of SS cell vasoocclusion in which increased adhesion of SS2 discocytes is followed by accelerated entrapment of SS4 dense erythrocytes. The application of anti-vWF antibodies in the vasculature significantly inhibits this interaction and results in improved hemodynamic behavior. However, the extent of the inhibition of adhesion following the antibody application depends on whether or not the vasculature has been previously exposed to desmopressin, which suggests that the kinetic of vWF release during a given stimulus may be important to the extent of adhesion as well as vasoocclusion in SS cell anemia. The site of action of anti-vWF antibody appears to be in the endothelial surface, as incubation of SS erythrocytes with antivWF antibody had no effect on the extent of adhesion and hemodynamic behavior of these cells in the presence of desmopressin. These observations show an important role for SS erythrocyte adhesion as well as endothelial vWF in the pathophysiology of sickle cell-induced microvascular obstruction.
